I -INTRODUCTION
Refractory metal silicides are of great interest for their applications to the integrated circuit technology. In recent years molybdenum silicide 1$oSi2 has been extensively investigated, the formation of this silicide generally involving a solid phase reaction between the metal layer and a single crystal silicon substrate /1,2,3/. We report here new results on the growth kinetics of molybdenum silicide by reaction of Mo with amorphous and polycrystalline silicon. Very few studies of the kinetics of Mo reaction with non monocrystalline silicon have been published so far. Moreover previous reports on the reaction between molybdenum and amorphous silicon have shown that the reaction was either inhibited or occurred at a very slow rate which was an unexpected result probably due to the presence of impurities /3,4/. To further investigate this phenomenon we have induced the reaction between metal and silicon using a scanning laser annealing technique. This technique usually allows difficulties related to impurities at the interfaces, which generally hinder formation of the silicide to be overcome. Other advantages of using a scanning beam are :
(i) Easy control of beam power (+ 0,I watt) and scan speed (? 1 %I. The laser power can be chosen to complete the reaction of the whole metal layer either in a single scan or in several successive scans. This last case provides a practical mean to study the silicide growth kinetics.
(ii) Silicide formation occurs in a short time. The annealing dwell time, typically a few milliseconds, makes possible study of growth kinetics at high temperatures (1000°C and above). (iii) Silicide formation can be performed in localized areas. Measurement of thickness profile across the laser annealed lines by using a standard stylus step technique (a-step) provides an adequate tool to follow the progress of the silicide front.
In our experiments, laser treatment was performed using a cw argon laser with beam dlameter of 2 w = 80 Fm at l/e2. The back surface temperature was kept constant at fixes values (25°C and 300°C). In all cases the laser scan speed used was v = 10cm/s.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1983567 JOURNAL DE PHYSIQUE Following previous works /5/ a t h i n overcoating l a y e r of amorphous s i l i c o n was depos i t e d on t h e molybdenum l a y e r t o provide a n a n t i r e f l e c t i o n c o a t i n g p r i o r t o l a s e r treatment. This overcoating l a y e r i s e s s e n t i a l t o good r e p r o d u c t i b i l i t y of q u a n t i t at i v e r e s u l t s a s i t s r e f l e c t i v i t y remains n e a r l y constant f o r a l l l a s e r annealing c o n d i t i o n s and i s not dependent on t h e e x t e n t of s i l i c i d e formation.
Information about t h e r e a c t i o n produced was obtained by using Rutherford backscatt e r i n g (R.B.S.) and X-Ray d i f f r a c t i o n i n t h e glancing angle arrangement. Samples f o r t h e s e experiments were prepared by overlapping s i n g l e l a s e r l i n e s (= 50 %) t o o b t a i n s u r f a c e s 1 cm2.
I1 -PRINCIPE OF SILICIDE THICKNESS MEASUREMENTS
The physical phenomenon which i s a t t h e base of t h e d i f f e r e n c e i n t h i c k n e s s between t h e r e a c t e d and non r e a c t e d regions of t h e sample i s t h e volume c o n t r a c t i o n assoc i a t e d with t h e s i l i c i d e formation. When t h e s i l i c i d e i s formed by r e a c t i o n of t h e deposited metal with t h e s i l i c o n s u b s t r a t e t h e r e i s a c o n t r a c t i o n i n volume t h a t can be c a l c u l a t e d from equation 
For MoSi2 e i t h e r i n t h e t e t r a g o n a l o r hexagonal form t h e volume c o n t r a c t i o n i s a t about 27 %. This leads,when making t h e alpha-step measurements t o t h e observation of a step-down between t h e non r e a c t e d and t h e r e a c t e d r e g i o n s . I t i s important t o i l l u s t r a t e why t h i s r e s u l t i s not i n c o n t r a d i c t i o n with t h e f a c t t h a t s i l i c o n d i ff u s i o n i n t o molybdenum during t h e molybdenum s i l i c i d e formation must provoke an
i n c r e a s e i n t h e metal l a y e r volume 121. 
W e can n o t i c e t h a t : ( i ) The s i l i c i d e regions a r e s i t u a t e d below t h e l e v e l of t h e o r i g i n a l sample surface.
( i i i ) Within t h e l i m i t s of t h e annealed region an i n c r e a s e i n volume of t h e l a y e r i s observed together w i t h a step-down of t h e l a y e r l s u b s t r a t e i n t e r f a c e . C o r r e l a t iv e l y no long range rearrangements a r e observed i n t h e s i l i c o n s u b s t r a t e . The a-step p r o f i l e s a r e shown i n Figure 3 . The same e f f e c t s a l r e a d y shown i n t h e previous f i g u r e s a r e observed t h a t i s t h e step-down between annealed and non anneal e d regions and t h e gaussian p r o f i l e s .
( i i ) From t h e border t o t h e c e n t e r of t h e annealed l i n e s t h e r e i s an observable decrease i n t h e t h i c k n e s s of t h e molybdenum c o r r e l a t e d w i t h an i n c r e a s e i n t h e t h i c k n e s s of t h e s i l i c i d e . Due t o t h e gaussian energy d i s t r i b u t i o n of t h e l a s e r spot, only a t t h e c e n t e r of t h e l i n e t h e r e was enough power t o form t h e complete s i l i c i d e l a y e r .
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Fig.3 a s t e p measurement f o r r e p e t i t i v e l a s e r scans. The whole metal l a y e r has reacted a f t e r f o u r scans.
Moreover t h e a-step technique can g i x e q u a n t i t a t i v e r e s u l t s i l l u s t r a t e d i n the f o llowing numerical example. For a 100 A of molybdenum l a y e r , 254 of s i l i c o n r e a c t t o form 259 1 of molybdenum s i l i c i d e a s c a l c u l a t e d from equation(1). The d i f f e r e n c e between t h e thickness of t h e molybdenum p l u s s i l i c o n involved i n t h e r e a c t i o n and t h e t h i c k n e s s of t h e s i l i c i d e w i l l b e measured by t h e a-step. The measured values r e p r e s e n t 0,95 of t h e r e a c t e d molybdenum t h i c k n e s s a t each s t a g e i n t h e s i l i c i d e formation. Evolution of s i l i c i d e t h i c k n e s s f o r d i f f e r e n t l a s e r powers o r f o r s e v e r a l l a s e r scans over t h e same l i n e a t c o n s t a n t power can be e a s i l y measuredousing t h i s technique. Accuracy of measurements can be estimated a t b e t t e r than 50 A . To check t h e v a l i d i t y of t h i s technique we have performed c l a s s i c a l R.B.S. a n a l y s i s . Within t h e l i m i t a t i o n s i n depth r e s o l u t i o n of t h e R.B.S. technique a good agreement i s found with alpha-step measurements.
In order to study the silicide formation we have prepared different test samples listed in table I. The inner silicon films were obtained by LPCVD deposition on Si/Si02 or Si<100> substrates. The deposition temperature was 525'C for amorphous silicon and 625°C for polycrystalline silicon, the other conditions being identical.
After removal from the LPCVD furnace, the samples were etched in dilute HF, nitrogen dried and placed in a doublegun electron evaporator system where Mo/Si(a) layers were sequentially deposited without breaking the vacuum. Vacuum conditions were 2 10-7 torr background gressure and 1-6 010-6 torr during evaporation with deposition rates being Mo 3-10 A/s and Si r 1-3 A/s. For all the samples silicide formation was obtained in a single scan if an appropriate laser power was used. We never found reaction between the outer amorphous silicon layer and the molybdenum layer in any of the experiments. This is a phenomenon that has been previously observed and discussed 161. In all cases the silicide formed presented the hexagonal structure of MoSi2. This is another curious result since the effective temperature during laser annealing is always higher than 700°C which is generally considered as the transition temperature between the hexagonal form of MoSi2 and its tetragonal form expected at high temperature /7/. Recently the same result has been found for pulsed electron annealing of Mo/Si structures at temperatures higher thant 1400°C 181.
Experiments are in progress to further investigate this phenomenon.
For samples (E1,E3), silicide formation can be detected for relative powers P/Po > 0,65, where P is the laser power and Po the laser power (determined experimentally) required to melt the silicon substrate at the scan speed used. No amorphouspolycrystalline silicon transformation has been observed at the relative laserDowers used to studv the silicide growth kinetics.
For samples (E2,E4) silicide formation can be measured from relative powers P/Po > 0,75. For both samples at P/Po lower than these thresholds the silicide formation still occurs but it can be detected only after several successive scans over the lines. We can first conclude from these rather small rel~tive laser powers that the reaction of Mo with amorphous or polycrystalline silicon is easy to induce. These results also indicate greater interaction of molybdenum with amorphous silicon than with polycrystalline silicon. On Fig.4 is plotted, for sample El, the square of the silicide thickness versus the number of repetitive laser scans. The data points shown have been calculated from the a-step measurements. Since the number of laser scans represents an effective annealing time the results give the kinetics of silicide formation. It is clear from the figure that silicide growth follows a parabolic law as a function of the number of repetitive scans. This behaviour is found for reactions controlled by diffusion and leads to the following expression :
where Z is the silicide thickness, Ro a pre exponential constant, teff the effective annealing time and Teff the effective annealing temperature. However to the best of our knowledge there are no appropriate models, owing to the existence of a thick Si02 film, to calculate Teff values as a function of the laser power and no attempt to calculate an activation energy has been made so far /9/. For the other samples E2,E3,E4 the kinetics of silicide formation was controlled by reaction at the interface. This shows that even in the case of laser annealing, impurities (mainly oxygen and carbon /6/ ), in the layers or at the interface lead to the same problems found in furnace annealing for which large discrepencies exist in the literature as to the kinetics of the formation of MoSi2 /1,2/. Unfortunately, unless samples are prepared in U.H.V., the presence of impurities cannot be avoided and only exact knowledge of the pressure and composition of the residual atmosphere and of evaporation rates could ensure sample reproductibility. This is an important point for people-working in the technological field. Systematic studies to improve our deposition methods are being undertaken.
iL NUMBER OFSCANS 6 . The k i n e t i c s found correspond t o a n i n t e r f a c e c o n t r o l l e d r e a c t i o n following t h e equation :
For t h i s s t r u c t u r e t h e a n a l y t i c a l m o d e l g i v e n by Gold and Gibbons / l o / can b e used t o c a l c u l a t e v a l u e s f o r Teff and t e f f depending on experimental c o n d i t i o n s , and t o deduce t h e a c t i v a t i o n energy Ea of t h e r e a c t i o n . Ea i s given by t h e s l o p e of t h e curve Ln (2111) (where n i s t h e number of l a s e r scans) v e r s u s l/Teff. The v a l u e f o r Ea t h u s found i s Ea = 2,5 0 , 2 eV. Sample Eq i s r e p r e s e n t a t i v e of most of t h e problems a r i s i n g from t h e presence of i m p u r i t i e s . I t i s c l e a r from Fig.7 t h a t s i l i c i d e formation o n l y s t a r t s a f t e r a number of l a s e r scans which i n c r e a s e s f o r dec r e a s i n g l a s e r powers. When a r e a c t i o n s t a r t s , t h e s i l i c i d e growth follows a l i n e a r law. I n t h i s case, a c t i v a t i o n energy can be c a l c u l a t e d b u t comparison of a c t i v a t i o n e n e r g i e s f o r r e a c t i o n s which f o l l o w d i f f e r e n t k i n e t i c s mechanisms would b e meaning l e s s . One can s t i l l make, however, q u a l i t a t i v e comparisons of t h e r e a c t i o n r a t e s . This i s shown i n Fig.8 where t h e s i l i c i d e t h i c k n e s s e s reached f o r a s i n g l e l a s e r scan a r e p l o t t e d a s a f u n c t i o n of t h e e f f e c t i v e annealing temperature Teff. Previous r e s u l t s f o r s i l i c i d e formation by l a s e r annealing of metal l a y e r s on s i n g l e c r y s t a l s i l i c o n a r e p l o t t e d a s well. The measured r e a c t i o n r a t e s f o r amorphous and polys i l i c o n a r e probably below t h e v a l u e s t h a t we should have observe i n c a s e of a d i ff u s i o n mechanism. The i n t e r f a c i a l r e a c t i o n g e n e r a l l y i s t h e slowest process and parab o l i c growth can o n l y be observed when t h e i n t e r f a c i a l r e a c t i o n i s f a s t enough I l l / .
I V -CONCLUSION W e have shown t h a t t h e r e a c t i o n of amorphous and p o l y c r y s t a l l i n e s i l i c o n with molybdenum metal l a y e r t o formMoSi2 s i l i c i d e i s e a s i l y obtained using l a s e r annealing. The i n t r i n s i c mechanism i n t h e absence of i m p u r i t i e s i s c o n t r o l l e d by d i f f u s i o n . However even a t t h e high temperatures of l a s e r annealing t r e a t m e n t s t h e presence of i m p u r i t i e s i n t h e l a y e r s o r a t t h e i n t e r f a c e s a r e responsable f o r d i f f e r e n t k i n e t i c s behaviours a s i t i s g e n e r a l l y found during standard f u r n a c e annealing. W e have a l s o r e p o r t e d t h e u s e of a simple and a c c u r a t e experimental technique t o measure t h e s i l i c i d e growth based on t h e volume c o n t r a c t i o n a s s o c i a t e d with t h e s i l i c i d e formation.
